Abstract
Introduction
Iron is an essential nutrient and iron deficiency (ID) and iron-deficiency anemia (IDA) are widely prevalent in developing countries, especially in the low socioeconomic strata of the population. The incidence of iron-deficiency anemia is high in Pakistan and it is a major public health problem with many adverse consequences, especially in young children and women of reproductive age [1, 2] .
Among many strategies to control IDA, fortification of appropriate foods with suitable a type of iron is considered most promising because of its long-lasting effects and minimum consumer involvement. Iron supplementation is considered to be a short-term solution, whereas, food diversification requires maximum input on the part of the consumer [2] .
The Government of Pakistan is planning to fortify wheat flour with iron in order to combat iron deficiency and its consequent anemia. There are various choices for the fortificants (forms of iron to be used as premix) and the vehicle (most commonly consumed food by the population). Prior to launching a nationwide fortification program, a feasibility study has begun to determine the best form of iron fortificant and its level.
This paper summarizes the preliminary data, on in vitro bioavailability studies done on various products prepared from wheat flour fortified with ferrous sulfate (FeSO 4 ) in order to compare their relative bioavailability. Further studies are ongoing with elemental ironfortified wheat flour using the in vitro method. In the final phase of study, the in vivo bioavailability studies will be undertaken using stable isotopes of iron and tissues retention methodologies [3] .
Materials and methods
Well-milled grade No. 1 (80% extraction) wheat flour was used for the fortification purposes.
Ferrous sulfate was used as the fortificant (USP 24, Dr. Paul Lohmann, GmbH KG, Emmerthal, Germany). The wheat flour was fortified with FeSO 4 (at 30 PPM) by using both a large-scale mechanical mixer and a small-scale mixer for the homogeneity study.
Preparation of products
Nan is a product made from wheat flour. The dough is prepared using a starter for fermentation long with milk. The round flattened dough is cooked in an earthen furnace, rather than on a hot plate (chapati), leavened and unleavened chapatis were prepared from the fortified and unfortified wheat flour. The wheat flours (fortified and unfortified) were kneaded with the deionized water, separately. The chapatis were prepared on a non-stick hot plate (Tawa) using a gas burner. The leavened chapatis were prepared from wheat flour after leavening the dough. Nan from fortified and unfortified wheat flour was prepared by Nan house (Ghausia Nan House, Islamabad). The leavening process at the Nan house involved the addition of milk and yeast for the preparation of the dough.
The samples were freeze-dried (Edwards Company, Modulyo, Manor Royal, Crawley, West Sussex, UK) and ground with a mortar and pestle first, then with an electric grinder (Moulinex, Paris, France). The powdered samples were stored in labeled jars at -15°C.
Total iron determination
The wet-digestion method was used to determine the homogeneity of iron in the wheat flour [4] . The homogeneity of mixing was better with the smallscale method than with the large-scale method ( fig. 1 ), therefore the small-scale method was adopted for the fortification of wheat flour.
The total iron of the products, prepared from the fortified and unfortified wheat flour, was also determined by the wet digestion method. Samples were digested using concentrated H 2 SO 4 and 30% H 2 O 2 in a Kjeldahl flask at 150°C for 10 to 15 minutes. The digested samples were then measured using an AAS [4].
In vitro enzymatic digestion
The in vitro release of iron was done with the pepsin digestion and dialysis method by simulating the conditions of the stomach and small intestine in the laboratory. Duplicate samples (20 g freeze-dried) were homogenized with 80 g of deionized water. The pH of the mixture was adjusted to 2.0 with 6N HCl and enzymatically digested using 3.2 ml of pepsin-HCl solution [8 g pepsin (Sigma Chemical Company, St.
Louis, Mo., USA, 600 units/mg solid from pig stomach) in 50 ml of 0.1M HCl] for three hours at 37°C in a metabolic shaker water bath. Aliquots (20g) of the digested samples were placed in dialysis bags (spectrapor 1, width 23mm, 6000-8000 MW cutoff) where 5 ml pancreatin-bile solution [1g pancreatin (porcine pancreas Grade VI, Sigma Chemicals Company) plus 6.25 g bile extract (porcine, Sigma chemicals Company) in 100 ml of 0.5 M sodium bicarbonate Solution (pH 7.5)] was added and incubated for 12 hours at 37°C in a water bath to determine iron release potentially available for absorption in the small intestine. The dialysate was collected at 3, 6, 9, and 12 hours and were read on the AAS [5] .
In vitro fermentation
The retentate from the in vitro enzymatic digestion was freeze-dried and 0.5 g was placed in a serum bottle and 40 ml fermentation media [a mixture of 2L deionized water, 1L 0.5 M sodium bicarbonate buffer solution, 1L macro mineral solution (0.04 M NaHPO 4 and 0.5M KH 2 PO 4 ), 5 ml reducing solution (mixture of 1.25 g cysteine-HCl, 50g KOH pellets and 1.25 g Na 2 S in 100 ml double deionized (DDI) water)]. The mixture was flushed with carbon dioxide until it was colorless. The bottles were sealed with rubber stoppers and aluminum seals using a hand crimper and stored overnight at 4°C. Total iron (µg/g)
Large-scale methods
The next day, the bottles were placed in a 37°C water bath for 1 to 2 hours before inoculation. A 10ml fecal inoculum (prepared from 1:15 dilution of fresh feces from a human volunteer) was put into each bottle and incubated for 24 hours at 37°C. After 24 hours, the bottles were opened and 1 ml of 0.6% merthiolate solution (Sigma Chemical Company) was added. The contents were transferred to dialysis bags that were previously soaked in double deionized water. The tubes were then immersed in 100 ml double deionized water for six hours. The dialysate was collected at 3 and 6 hours and read as before using an AAS [5] .
Results
The total iron and the percentage of iron released after in vitro digestion from the unfortified and fortified leavened and unleavened chapatis and Nan are given in table 1. The percentage of iron released in the fortified Nan (14.3%), leavened chapati (6.4%) unleavened chapati (2.6%) after in vitro digestion was higher than the control (4.6%, 2.9% and 0.5 %, respectively). The percentage of iron released after fermentation in all the wheat flour products was greater than the controls ( fig. 2) , which can be attributed to the large amount of fiber present. The fiber complexes with the iron, thus inhibiting its absorption in the small intestine. However, in the actual system, the complexes are broken down during the fermentation process in the large intestine due to the action of phytases [6] , which results in better absorption/uptake in the intestine.
For Nan, the fermentation took place while in the dough stage, therefore the percentage of iron released was greater after pepsin digestion (14.3%) with only 0.8% released after in vitro fermentation (table 1). The same is true for the leavened chapatis.
Conclusion
Fermentation process increases the percent of iron released because of the action of phytases.
The fortified Nan showed a maximum iron release, which confirmed the earlier observation that leavening and fermentation have a positive effect on bioavailability of iron in high phytate flour.
The maximum benefit of fortified wheat flour will be derived if it is eaten as fermented products, i.e., leavened chapati or Nan. 
